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Abstract 
 
Graphene's success has shown that it is not only possible to create stable, single-atom thick 
sheets from a crystalline solid, but that these materials have fundamentally different properties 
than the parent material.   We have synthesized for the first time, mm-scale crystals of a 
hydrogen-terminated germanium multilayered graphane analogue (germanane, GeH) from the 
topochemical deintercalation of CaGe2.  This layered van der Waals solid is analogous to 
multilayered graphane (CH).    The surface layer of GeH only slowly oxidizes in air over the 
span of 5 months, while the underlying layers are resilient to oxidation based on X-ray 
Photoelectron Spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy (FTIR) 
measurements.   The GeH is thermally stable up to 75 oC, however, above this temperature 
amorphization and dehydrogenation begin to occur.  These sheets can be mechanically 
exfoliated as single and few layers onto SiO2/Si surfaces. This material represents a new class 
of covalently terminated graphane analogues and has great potential for a wide range of 
optoelectronic and sensing applications, especially since theory predicts a direct band gap of 
1.53 eV and an electron mobility ~five times higher than that of bulk Ge. 
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Chapter 1: Synthesis and Characterization of Germanane 
 
1.1 Introduction 
The discovery of single-layer graphene has shown that it is not only possible to create 
stable single-atom thick layers from anisotropic crystal structures held together mainly 
via weak van der Waals interactions, but that these isolated layers can have 
fundamentally different electronic structures and properties than the parent material.1,2 
For example, in a single layer of graphene electrons behave as massless Dirac fermions, 
resulting in potential applications for sensors, high mobility transistors, transparent 
conducting electrodes, and photocatalyst supports.3-5  This has sparked much recent 
interest toward understanding how the bulk properties of other layered van der Waals 
bonded crystal structures (MoS2, WS2, Bi2Se3, BN, etc…) change when prepared as 
isolated individual sheets.6,7  For example, bulk MoS2 normally has an indirect band gap 
at 1.29 eV, whereas isolated single layers of MoS2 have a direct gap (1.8 eV).
8-10  Single 
layers of MoS2 have also attracted much interest as high mobility transistors.
10     
Most of the layered materials studied to date are comprised of neutral or ionic layers 
and lack the possibility for chemical functionalization.  Designing electronically active 
layers that could be covalently modified without disrupting the electronically relevant 
state would be incredibly advantageous for a wide range of applications.  The nature of 
this terminal substituent would potentially give a synthetic handle for not only tuning 
the entire electronic structure based off of its identity and electron withdrawing 
capability, but could also enable the grafting of functional ligands for high-specificity 
sensing applications.  Graphene can be grafted with organic components, oxidized or 
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even terminated with hydrogen atoms to form graphane (CH);11,12 however, these 
modifications disrupt the excellent carrier mobility in graphene, and also are not stable 
long term.13 Other Group IV layered lattices, may maintain appreciable conductivity 
when the atoms are in the sp3-hybridized state.  Recently, single-layer thick sp2 and sp
3
 
group IV systems have attracted considerable theoretical and experimental interest.14-17   
It has been previously shown that layered Zintl phases such as CaSi2 and CaGe2 can 
be topochemically deintercalated in aqueous HCl at low temperatures to produce 
layered silicon and germanium solids.18-20 The resultant four-coordinate puckered lattice 
of Si and Ge atoms has an analogous geometry to sp3-hybridized graphane, or a 
Si/Ge(111) surface in which every Si/Ge atom is terminated with either –H or –OH 
above or below the layer.18,21  There is a great propensity for the silicon lattice to oxidize, 
initially forming siloxene (SiH0.5(OH)0.5) sheets that are terminated with either Si–H or 
Si–OH bonds at the fourth coordination site, which eventually degrade to form SiO2 
under ambient conditions.20,22  Appreciable Si–OH bond formation is always observed 
in the FTIR spectrum as an intense, broad Si–O stretching mode at 1000-1200 cm-1, 
even after HF treatment.20   In contrast, the air- and thermal-stability of germanane 
(GeH) has not been rigorously characterized.  Resistance to oxidation is an essential 
prerequisite for many future applications.   From previous work,18 there remain 
questions about the structure, air-stability, thermal-stability, and crystallinity of bulk 
GeH, as characterization did not include transmission electron microscopy, Raman 
spectroscopy, and XPS data. Additionally, while previous work focused on 
interconverting µm-thick epitaxial thin films of CaGe2 on Ge(111) into GeH, the present 
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study focuses on the synthesis of free-standing crystals of CaGe2. Furthermore, the 
exfoliation of single- and few-layer sheets of GeH has yet to be shown.  
 Herein, we demonstrate for the first time, the gram-scale synthesis of mm-scale 
crystals of a layered GeH van der Waals solid that have platelet-like morphologies akin 
to Kish graphite. We prove by FTIR and XPS measurements that the surface layer of 
GeH slowly oxidizes in air over the span of 5 months while the underlying layers resist 
oxidation. GeH is thermally stable up to 75 oC, above which amorphization begins to 
occur.  Amorphization is complete at 175 oC, and dehydrogenation occurs from 200-
250 oC    We show that the layered GeH has an observed band gap at 1.59 eV, and also 
demonstrate the exfoliation of single and few-layers onto SiO2 / Si substrates. Finally, 
we perform high-level theory calculations of the electronic structure that predict the 
effective masses, mobilities, and band gap of bulk and single layer germanane. 
 
1.2 Synthesis and Structural Characterization 
Hydrogen-terminated germanane was synthesized by the topotactic deintercalation of 
β-CaGe2 in aqueous HCl at -40 oC for eight days (Figure 1).  2-6 mm crystals of β-
CaGe2 were first synthesized by sealing stoichiometric ratios of Ca and Ge in a quartz 
tube, annealed at 950 oC, and cooled down over a period of 2-10 days (Figure 1b).  The 
purity of CaGe2 was confirmed via powder X-ray diffraction (Figure 1d).  After HCl 
treatment, the product was filtered and washed with distilled water and methanol to 
remove residual CaCl2, yielding crystallites of GeH that are 2-3 mm in diameter and < 
100 µm in thickness (Figure 1c).  By X-ray diffraction analysis, GeH can be fit to a 
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hexagonal unit cell with 2 layers per c-unit cell spacing with lattice parameters: a = 
3.880 Å and c = 11.04 Å (5.5 Å per layer). Compared to the original CaGe2 unit cell 
parameters of a = 3.987 Å, c = 30.0582 Å, (6 layer stacking, c/6 = 5.097 Å) the 
hydrogen-terminated germanane is slightly contracted in the a direction but expanded 
in the c-direction due to the replacement of Ca2+ with 2 Ge–H bonds between each layer.  
These lattice parameters do not correspond to any of the previously reported allotropes 
of germanium.23,24  The narrower full-width-half-maximum (FWHM) of the (100) and 
(110) diffraction reflections (~0.4 o2θ) compared to the (002), (011) and (112) peaks 
(~1.3 o2θ)  indicates that there is significant inconsistency in the interlayer spacing along 
the c axis. This disorder along the c axis precludes further structure determination via 
Rietveld analysis.  
 5 
 
Figure 1. a) Schematic illustration of topotactic deintercalation of CaGe2 to GeH. 
Optical images of b) CaGe2 and c) GeH crystals with select crystals on graph paper with 
a 1 mm grid (inset). Powder XRD pattern of d) CaGe2 and e) GeH.  
 
Transmission electron microscopy analysis indicates the product has a layered 
morphology with individual layers having less contrast than the 10 nm lacey carbon 
support grid (Figure 2a,b).    The energy dispersive X-ray spectrum has a strong Ge 
signal, and an absence of Ca and O signals. A trace amounts of Cl is present, and the 
Cl:Ge ratio was estimated to be 2:98 (Figure 2d).  Figure 2c is an electron diffraction 
pattern taken orthogonal to the layers, showing a hexagonal arrangement of diffraction 
peaks that occur in the a and b directions. This data further confirms that the crystallinity 
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of the germanium layered framework is preserved upon HCl treatment, and there is a 
strong registration in the stacking between each layer.  The GeH electron diffraction 
pattern can be indexed to a simple hexagonal unit cell with a = b ≈ 3.87 Å, assuming a 
[001] zone axis. 
 
Figure 2. a) Low magnification and b) Magnified TEM micrograph of GeH 
platelets  c) Electron diffraction pattern of platelets collected down the 0001 zone 
axis. d) Energy dispersive X-ray Spectroscopy of the GeH sheets. 
 
 
To further confirm hydrogen termination, we performed FTIR, Raman spectroscopy, 
and X-ray photoelectron spectroscopy (XPS) on the germanane product (Figure 4a). 
Transmission mode FTIR of samples ground up and pressed into KBr pellets show 
extremely strong Ge—H stretching and multiple wagging modes at ~2000 cm-1 and 570, 
507, and 475 cm-1, respectively.  Additionally, weak vibrational modes at 770 cm-1 and 
825 cm-1 are also observed.  These two vibrations also occur in the spectra of amorphous 
Ge0.7:H0.3 thin films, and have been assigned by M. Cardona et al. to originate from 
bond-bending Ge—H2 modes from nearest neighbor Ge atoms.25,26  Thus, we 
hypothesize that these vibrations correspond to Ge—H2 bond bending modes from 
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neighboring Ge atoms at the edges of each crystalline germanane sheet, and/or to Ge—
H2 bonds within the lattice arising from Ge vacancies.  We do not observe the presence 
of the broad, intense Ge—O—Ge and Ge—O vibrational modes that occur between 800 
cm-1 and 1000 cm-1.27  To confirm that these vibrational modes originate from Ge—H2 
and not Ge—O—Ge, we prepared GeD by treating CaGe2 in 95% deuterated DCl/D2O, 
and collected the FTIR spectrum (Figure 3).  The 825 and 770 cm-1 vibrational modes 
almost completely disappear, and new Ge—D2 modes at 586 cm-1 and 514 cm-1 appear 
along with residual Ge-H wagging modes.   This is generally consistent with the change 
in reduced mass upon deuteration, and these vibrational frequencies are also apparent 
in amorphous Ge0.7:D0.3 films.
25
   
 
 
Figure 3. Mid-FTIR spectrum of GeD. 
 
From Raman spectroscopy (Figure 4b), the main Ge—Ge stretch in GeH occurs at 
302 cm-1 which is slightly blue-shifted compared to the 297 cm-1 E2 Raman mode for 
crystalline germanium.  In addition, a second vibrational mode emerges at 228 cm-1.  
We performed ab initio calculations of the Γ-point phonon modes in GeH using Perdew-
Burke-Ernzerhof (PBE) functionals as implemented in VASP.27,28   These calculations 
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predict the presence of Ge-based A1 and E2 Raman modes  (assuming a C6v point group) 
that occur at 223 cm-1 and 289 cm-1, respectively, which are in good agreement with the 
observed Raman modes. The symmetries of the vibrational modes are shown in the 
Figure 4b inset.   
XPS measurements are also indicative of a single germanium oxidation state.   XPS 
Analysis of the Ge 2p3/2 peak for GeH shows a single peak at 1217.8 eV, which is 
indicative of Ge+1.  A shift in the Ge 2p3/2 peak energy from Ge0 (1217.0 eV) is 
expected since hydrogen is more electronegative than germanium (Figure 4c).  A 
control Ge(111) wafer with surface oxide shows a mixture of germanium oxidation 
states  ranging from Ge0 (1217.0 eV) to Ge
2+ (1218.9 eV) to  Ge4+ (1221.4 eV).  
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Figure 4. a) Transmission-mode FTIR of GeH. b) Raman spectrum of GeH (red) and 
Ge powder (blue), highlighting the difference in energy of the E2 peak between GeH 
and Ge (middle inset), as well as a schematic illustration of the A1 and E2 vibrational 
modes. c) XPS spectrum of the Ge 2p peak for GeH and a Ge(111) wafer with native 
surface oxide. 
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Chapter 2: Air-Stability 
 
The potential utility of germanane for any optoelectronic or sensing device strongly 
hinges on its air and temperature stability.   Some previous reports state that hydrogen-
terminated Ge(111) surfaces having the same atomic configuration as GeH are resistant 
to oxidation when the Ge surface has minimal defects, although some debate remains.27-
29 Because FTIR spectroscopy is an extremely sensitive probe of the presence of Ge—
O and Ge—H bonds, we conducted a time-dependent FTIR study to determine if Ge—
O vibrational modes in the 800-1000 cm-1 range emerge after exposure to an ambient 
atmosphere.  After 60 days we observed virtually no change in this range, thus proving 
that the bulk of GeH resists oxidation (Figure 5a). Additionally, time dependent XPS 
was performed to probe changes in the Ge oxidation state of the surface after exposing 
these layered GeH crystals to air (Figure 5b), and the percentage of each germanium 
oxidation state for all spectra was calculated by applying a standard Gaussian fit.  After 
1 month of exposure to air, a Ge2+/3+ shoulder emerges at ~1219.3 eV (19.5% Ge2+/3+). 
This peak becomes more intense after 5 months of air exposure (29.7% Ge2+/3+).  After 
Ar etching the top 0.5 nm (<1 layer), the Ge2+/3+ almost completely disappears with 
10.1% Ge2+/3+ remaining.  Together, the XPS and FTIR suggest that only the surface 
becomes oxidized over time. 
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Figure 5. a) Time dependent reflection mode FTIR of a GeH platelet after exposure 
to ambient atmosphere for up to 60 days, collected via reflection mode, highlighting 
minimal changes in the  relative intensity of the Ge–H to Ge–O vibrations. b) Time 
dependent XPS spectra of germanane immediately after exposure to atmosphere, 
after 1 day, and 5 months, followed by Ar etching by 0.5 nm. 
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Chapter 3: Optical Properties 
 
The optical properties of germanane were investigated by diffuse reflectance 
absorption (DRA) spectroscopy.  The silver-black material has a broad absorption over 
visible wavelengths and a linear approximation of the absorption edge suggests a band 
gap of approximately 1.59 eV (Figure 6a).  The Tauc/Davis-Mott expression for 
materials with 2D densities of states predicts that the absorbance A(ħω) at photon 
energy ħω near the band edge would be a step function with a discontinuity in 
absorbance at the band gap if the band gap was direct allowed. If the band gap was 
indirect allowed, the absorbance would be proportional to (ħω – Eg’ ± Ep) where Eg’ is 
the indirect gap, and Ep is the energy of a particular phonon mode. However, it has been 
experimentally established that the Tauc/Davis-Mott approximations of absorption can 
not unambiguously determine the transition mechanism for fundamental absorption for 
bulk materials with 2D densities of states.9,30,31 We modeled the absorbance assuming 
direct-allowed, direct-forbidden, indirect-allowed and indirect-forbidden gaps using 
both 2D and 3D densities of states (Figure 7).   All of these plots estimated fundamental 
gaps ranging from 1.48 to 1.60 eV.   These analyses are complicated by a broad Urbach 
edge at the lower end of the absorption tail, which is often indicative of a large doping 
concentration or disorder.   The presence of photoluminescence is often a stronger test 
of a direct band gap. Previously reported studies of GeH thin films proposed that GeH 
is a direct band gap material with a fundamental absorption gap at 1.8 eV based off of 
photothermal deflection spectroscopy and photoluminescence that occurs at 0.45 eV 
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lower, or 1.35 eV.32  We did not observe any photoluminescence from 1.1-1.8 eV when 
exciting from 1.38-1.96 eV at temperatures ranging from 14-300 K.  This lack of 
photoluminescence and linear slope in our samples might suggest that germanane has 
an indirect band gap. However, the lack of photoluminescence alone is not sufficient 
evidence of an indirect gap. A direct band gap material could lack photoluminescence 
if there is a large concentration of nonradiative defect states or impurities in the sample, 
or if the material possesses unique surface or edge states. The presence of any of these 
can quench photoluminescence and also contribute to the observed bowed Urbach edge. 
Therefore, further optimization of the growth and etching chemistry will be necessary 
before dismissing the potential existence of a direct band gap. Also, we propose that 
more direct measurements, such as angle-resolved photoemission spectroscopy, as well 
as additional temperature-dependent absorption studies are necessary to completely 
conclude whether germanane has a direct or indirect band gap, especially since our 
theory predicts GeH to have a direct band gap.  
 
 
Figure 6. a) DRA spectrum of GeH plotted as (hνα) vs. photon energy highlighting a 
1.59 eV band gap.  The large tail at lower energies  b) Electronic band structure of an 
isolated single layer of GeH calculated using HSE-06 theory including spin-orbit 
coupling predicting a 1.56 eV direct band gap.   The hole and electron effective masses 
for each extrema are indicated in red. 
 14 
 
     
       
 
Figure 7. Fits of the absorption spectrum of unannealled GeH to different band 
structures, according to Tauc/Davis-Mott expressions of 2D densities of states 
and 3D densities of states. A 37.5 phonon vibration (deduced via the 300 cm-1 
Raman shift) was determined. 
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Chapter 4: Thermal Stability 
 
 
The temperature stability of germanane was also probed via thermogravimetric 
analysis (TGA), DRA, XRD, and Raman upon annealing for four hours at a range of 
temperatures in 5% H2/Ar.  TGA shows a ~1.1% mass loss at 200-250 
oC which is close 
to the expected mass loss of 1 equivalent of Hydrogen in GeH, as well as a 1.7% mass 
loss of that occurs between 320-355 oC (Figure 8a). This second mass loss likely 
corresponds to the loss of Cl (3.6% molar).    X-ray fluorescence analysis further 
supports this, as there is approximately a one order of magnitude decrease in the chlorine 
intensity from after annealing at 375 oC.  Furthermore, it has been reported in previous 
temperature programmed desorption studies that Cl desorbs off of germanium at 
temperatures ranging from 300-350 oC.33  However, there is a significant change in the 
absorption spectrum when annealing at temperatures above 75 oC.       The absorption 
onset, as detected by DRA, red shifts by 0.06 eV upon annealing at 75 oC (Figure 8b).  
The absorption profile continues to red-shift with higher temperature annealing until 
250 oC when the absorption onset (0.58 eV) goes below that of bulk germanium (0.67).  
Previously studies have reported that amorphous Ge thin films have band gaps lower 
than that of bulk germanium (0.50 vs. 0.67 eV)34 and amorphous hydrogenated 
germanium films have larger band gaps (1.1 eV).35  There is no obvious change in the 
XRD patterns  (Figure 8c) until 150 oC, at which point the c axis decreases from c = 
11.04 Å to c = 10.70 Å and the FWHM of this 002 reflection decreases from 1.3o  2θ to  
0.8o 2θ. The diffraction pattern shows complete amorphization upon annealing at 175 
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oC. Raman spectroscopy shows a consistent decrease in the intensity of both the Ge—
Ge and Ge—H modes as a function of annealing temperature (Figure 8d). After 175 
°C, there is ~2 order magnitude decrease in the Raman scattering intensity of both the 
E2 and A1 modes.  Taken together, this suggests that amorphization occurs at 
temperatures well below that of dehydrogenation (200-250 oC).   
 
 
Figure 8.  a) TGA analysis of GeH.  b) DRA spectra, c) XRD patterns and d) Raman 
spectra of GeH measured after four hour annealing treatments at various temperatures 
in 5% H2 / Ar.  In c) the starred peaks correspond to reflections of an internal Ge 
standard, and the dashed line is drawn to guide the eye.   
 
It was hypothesized that the low-temperature amorphization, the broadness of the 00l 
reflections, and the lack of observed PL are consequences of the presence of trace 
percentages of Ge-Cl bonds.  If regions with a high concentration of Ge-Cl bonds 
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amorphize first, this would explain the observed decrease in the c-parameter and 
FWHM of the 00l reflections at 150 oC. The observed diffraction pattern at this 
temperature is indicative of local domains of pure GeH that did not undergo 
amorphization due to the lack of nearby chlorine. Though pair distribution function 
(PDF) measurements will be required to fully dismiss this hypothesis, preliminary 
experiments were conducted synthesizing germanane using HBr and HI (rather than 
HCl). If the larger conjugate base had lower propensity to become trapped in the 
interlayer spacing, and Ge-Cl bonds were in fact the reason for low-temperature 
amorphization, significant changes in the DRA UV-Vis and Raman spectra would be 
evident after annealing the material synthesized in HBr and/or HI. This, however, was 
not the case. After annealing for four hours in 5% H2/Ar at various temperatures, the 
absorbance spectra show a similar red-shift trend as a function of temperature and no 
significant improvement in thermal stability at temperatures between 75 °C and 100 °C 
(Figure 9a). Similarly, the Raman spectra for the materials synthesized in HBr and HI 
show similar amorphization as that synthesized in HCl, as evidenced by the abrupt 
decrease in the intensity of both A1 and E2 modes at temperatures above 100 °C (Figure 
9b). Furthermore, in both the HBr and HI-prepared GeH, these two Raman modes 
exhibit the same ~2 order magnitude decrease in scattering intensity after annealing at 
175 °C that was present in the HCl-prepared material. Though further work is required, 
it appears as though the low-temperature amorphization of germanane is inherent, and 
not a result of trace Ge-Cl bonds in the lattice. 
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Figure 9. a) DRA and b) Raman spectra of GeH synthesized using HBr, and HI; 
measured after four hour annealing treatments at various temperatures in 5% H2/Ar.  
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Chapter 5: Theoretical Band Structure 
 
Band structure calculations suggest that germanane is a direct band gap material both 
as isolated layers and in the crystal structure having two layers per unit cell. We used 
the density functional theory (DFT) code VASP36,37 to optimize the geometry and 
calculate the band structure of isolated single layer and 2-layer unit cell GeH.  The 
interactions between cores and electrons were described for relaxation by projector 
augmented wave (PAW) pseudopotentials38 within the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation function39,40 with a plane-wave cutoff energy of 600 eV. Van der 
Waals interactions between the layers were included using the DFT-D2 method by 
Grimme.41 For the two-layer structure, the unit cell was modeled as a P63mc unit cell 
with relaxed lattice parameters of a = 4.05 Å, and c = 10.56 Å, thus having a 5.3 Å layer 
spacing.  For the isolated single layer structure, our calculations were performed in a 
unit cell with 20 Å of additional vacuum between GeH layers.     To obtain an accurate 
description of the band gap in this system, we utilized the hybrid HSE0642-44 exchange-
correlation function.  With this function we obtain a direct gap at the  point of 1.56 eV 
for an isolated layer (Figure 6b), and 1.53 eV for the 2-layer unit cell (Figure 10), 
which is in excellent agreement with the observed experimental band gap. The 
calculated band gap for the two layer unit cell at the A point of the Brillouin zone is 
~1.77 eV. The difference in energy between the conduction band minimum at the M 
point and the valence band maximum at  is 2.48 eV and 2.33 eV for an isolated layer, 
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and 2-layer unit cell, respectively.  In both cases, spin-orbit splitting at the  valence 
band maximum is 0.2 eV.     
 
 
Figure 10. Electronic band structure of 2-layer GeH calculated using 
HSE-06 theory including spin orbit coupling from a) K-Γ-M, b) H-A-L, and 
c) Γ-A, K-H, and M-L. 
 
 Additionally, the effective masses of the conduction and valence bands at each 
extremum were calculated for the isolated single layer and are shown in Figure 6b.  In 
bulk crystalline germanium, the conduction band minima occur in the 4 equivalent 
valleys at the L <111> point which have much higher effective mass (meL* = 1.64) than 
the conduction band valleys at   (me* =0.041).45 However, since GeH can be thought 
of as hydrogen-terminated isolated (111) sheets of germanium, we are effectively 
eliminating the L wavevector in the Brillouin zone. We calculated from first-
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principles46,47 the phonon-limited electronic mobility for isolated single layer obtaining 
a high mobility of 18195 cm2/Vs. This 5x increase in electron mobility from bulk Ge  
(3900 cm2/Vs) is consistent with the reduced electron effective mass in GeH.  
Also, using the EXCITING-CODE, we solved the Bethe-Salpeter equation to account 
for the excitonic effects.48 We used the scissors operator to obtain a band gap of 1.53 
eV for the two layer unit cell (to match our HSE calculated band gap value). Within this 
theoretical framework we calculated an excitonic binding energy of 0.28 eV for the two 
layer unit cell. Pulci et al.49 used the GW approximation to calculate the ground state of 
germanane. They found a much larger direct quasi-particle band gap of 2.4 eV, far 
outside of the experimental range established here. They reported an excitonic peak with 
a higher binding energy of 0.6 eV below the conduction band. The difference between 
Pulci’s exciton binding energy and our reported value agrees with the fact that our 
smaller band gap provides a larger screening that can decrease the exciton binding 
energy. No excitonic phenomena were observed in the absorption or photoluminescence 
of our samples.  However, this 0.28 eV exciton binding energy may explain the 
previously observed 0.45 eV red shift between the absorption onset and 
photoluminescence of epitaxial GeH thin films.32  
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Chapter 6: Exfoliation of Single Layers 
 
Finally, we demonstrate that hydrogen-terminated germanane can be mechanically 
exfoliated into single sheets.  As with most other layered crystal structures, the GeH 
crystal structure is held together mainly via van der Waals bonding.  By incorporating 
van der Waals corrections into the PBE simulation, the interlayer binding energy for 
GeH was found to be nearly entirely dominated by van der Waals interaction with a 
value of 72 meV per Ge atom, in the same range as the calculated 53.5 meV per C atom 
in graphite.41  We therefore used both scotch tape and polydimethylsiloxane to exfoliate 
few and single layer thick sheets onto Si substrates with a wide range of SiO2 
thicknesses (100-165, 275-345 nm) to attain maximum contrast by optical microscopy. 
Few-layer and single-layer sheets were visible by optical microscopy, with 110 nm and 
300 nm thick SiO2 substrates providing optimal contrast.  Figure 11a shows an AFM 
image, optical micrograph, and corresponding height profile for a 6-7 layer thick 
germanane flake.  Figure 11b shows an AFM image, optical micrograph and the 
corresponding height profile for a 2 µm × 2 µm single GeH layer exfoliated onto a 100 
nm thick SiO2/Si substrate.  The observed height (~6 Å) agrees well with the expected 
value of 5.5 Å for a single layer, since it is well known that differences in the attractive 
potentials between the AFM tip, the substrate, and the layered material often causes the 
measured AFM thickness to be larger than the expected value.50  The weak Raman 
intensities of few layer GeH, the photothermal degradation at laser intensities above 40 
kW/cm2 and the overlap of the two E2 and A1 Raman modes with higher order silicon 
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substrate Raman modes prevents the collection of thickness-dependent Raman maps on 
conventional SiO2/Si substrates.    Regardless, our ability to produce single and few 
layer thick germanane sheets with > 2 µm length and width will enable further study of 
the layer dependence on the vibrational, optical, and electronic properties. 
 
 
 
Figure 11.  a) AFM micrograph (top), height profile (bottom), and optical micrograph 
(inset) of few layer GeH deposited on 110 nm SiO2/Si.  b) AFM micrograph (top), 
and height profile (bottom) of single layer thick GeH sheet. 
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Conclusion 
 
In summary, we have created gram scale, mm-sized crystallites of hydrogen-
terminated germanane and have characterized for the first time their long-term 
resistance to oxidation and thermal stability, a necessary prerequisite for any practical 
application.  We have also demonstrated the ability to exfoliate single and few-layer 
sheets on surfaces, thus creating a germanium framework analogous to graphane.   
Theory predicts that the created material has a direct band gap of 1.55 eV with low 
effective masses, thus strongly increasing the already high carrier mobilities found in 
Ge without the penalty of the low bulk gap.  This notion of creating dimensionally-
reduced molecular-scale “allotropes” of materials with fundamentally different and 
potentially transformative properties compared to the bulk can be clearly expanded 
beyond carbon. 
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Methods 
Synthesis 
 In a typical reaction, Ca and Ge were loaded in stoichiometric amounts into a quartz 
tube, and evacuated on a Schlenk line to millitorr pressures. The quartz tube was 
sealed under vacuum using a hydrogen-oxygen torch, and annealed at 950-1050 °C for 
16-20 hours, and cooled to room temperature over 1-5 days. Germanium (Ge, 
99.999%, Acros) and calcium (Ca, 99%, Acros) were purchased and used without 
further purification.  To synthesize GeH, CaGe2 crystals were stirred in concentrated 
HCl (aq) for 5-10 days at -40 to -20 oC.   To purify GeH, the GeH product was 
washed with milliQ H2O followed by methanol, then dried at room temperature on a 
Schlenk line.  
 
Measurements 
 Powder x-ray diffraction was collected on a Bruker D8 powder x-ray 
diffractometer. FTIR and time dependent FTIR measurements were collected on a 
Perkin Elmer Frontier Dual-Range FIR/MidIR Spectrometer that was loaded in an Ar-
filled glovebox. Raman scattering spectra was collected using a Renishaw InVia 
Raman equipped with a CCD detector. The Raman spectra were collected using 633 
nm (He-Ne red laser) and 785 nm (near IR diode laser) illumination.  XPS was 
collected using a Kratos Axis Ultra X-ray photoelectron spectrometer equipped with a 
monochromated (Al) X-ray gun.  The Ar ion etch rate was calibrated using SiO2.  
AFM images were collected on a Bruker 3000 scanning probe microscope with a 
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Nanoscope IIIa controller. X-ray fluorescence measurements were performed using an 
Olympus DELTA Handheld X-ray fluorescence Analyzer.  TGA was performed using 
a TA instruments Q-500 Thermogravimetric Analyzer.  Samples were analyzed from 
room temperature to 375 oC at a ramp rate of 10 oC/min under flowing N2 atmosphere.  
Diffuse Reflectance Absorption measurements were conducted using a CARY 5000 
UV/Vis NIR spectrophotometer, with a diffuse reflectance integrating sphere 
attachment. 
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